Abstract. The electric thickness of the semi-finished radome may not meet the requirement for the electromagnetic performance because it varies with both the geometry thickness and the electric inductivity of the radome. One way to obtain the required value of the electric thickness is to compensate the electric thickness error by modifying the wall thickness of the radome. To this end, a grinding machine is developed and applied to precisely grind the inner surface of the radome. In order to ensure the grinding precision, it is important to keep the grinding machine under a stable, rapid and precise control. In this paper, a compound control strategy, which is a combination of the cascade control of 3-loop, the feedforward control and the PID algorithm, is proposed to realize a highly precise and reliable control over the grinding machine. Moreover, the architecture of the control system, the algorithm of the main controller based on DSP technology and the method of adjusting parameters are also introduced. It is shown that this compound control strategy has the advantages of high control accuracy and strong anti-jamming ability, being effective and applicable.
Introduction
The development of the industrial process control strategy has gone through three stages [1] [2] : the classical control, the modern control and the intelligent control strategy. The classical control strategy began to take form in the early 20 th century, including the PID control, the cascade control, the feedforward control and the Smith prediction control, etc., which have been applied for several decades. Especially, the PID control algorithm, which is simple in structure, robust to model error and easy to operate, has been widely applied to industrial process control in such areas as the metallurgical industry, the chemical industry, the power industry, the light industry and the machinery industry, etc. As a result, the PID control has been developed from earlier single PID to an advanced process control system that is comprised in combination with the cascade control, the ratio control, the feedforward control, the uniform control and the Smith prediction control [3] [4] . All these control modes have different features in structure and application. For example, the ratio control is used for formulating various materials proportionally in chemical industry; the smith predictor is an effective method for solving the time-delay problem in some controlling objects such as in temperature control; and the feedforward and cascade control are used to get rid of interference in the industrial process control system. Now, the PID control loop still accounts for 90% of the total control loops even in the most modern installations widely applying DCS (distributed control system) [5] [6] , showing that the PID control has an important position and value in the process control field.
The modern control strategy is developed based on the linear algebra, mainly including the robust control, the predictive control and the adaptive control, etc. This control strategy has theoretically solved such problems as the controllability, the observability and the stability of the system and those control problems in a complex system. But with the development of modern science and technology, the scale of the production system is getting greater and greater so as to form a large complex system, leading to ever increasing complexity in controlled object, controller, control task and control aim. Therefore, the achievement in the modern control theory is seldom applied to practical engineering.
The intelligent control strategy is a new research field and has gotten rapid development since it comes into being. This control strategy covers the expert system, the fuzzy intelligent control, the Journal Title and Volume Number (to be inserted by the publisher) 721 neural network control and the genetic algorithm, etc. These methods are promising, but some of them still remain at such levels as the computer simulation or verifying the experiment equipment, with few effective applications in industrial processes.
In this paper, a compound control strategy based on the classical control theory is proposed from the viewpoint of applicability and reliability of the control strategy, implementing a rapid, stable and precise control over the grinding machine for the radome.
Control Strategy for Grinding Machine of Radome
The radome is a large-sized workpiece made of hard brittle material. The measuring and grinding machine for the radome is a three-axis NC machine tool with a long stroke and a rolling screw as the feed mechanism. The accuracy of measuring and grinding (up to 5 µm) and the cost of such a special workpiece demand the numerical control system having a high control stability and accuracy [7] [8] [9] [10] .
The PID is a mature control strategy with simple algorithm and good robustness. In the radome's grinding machine, there exist some nonlinear factors such as friction force, backlash and inertia, etc. in the transmission system. So, a single PID controller will not meet the demand. In order to reduce the following errors caused by the system inertia and the like, improving the dynamic performance of the system, a feedforward loop is introduced in the PID algorithm. At the same time, a notch filter is also introduced to prevent the mechanical resonance. Furthermore, in view of that the cascade control system is much better than a single circuit system in working frequency, response speed and anti-jamming performance, etc. [5, 11] , a three-loop cascade structure with a current loop, a velocity loop and a position loop is used, with a numerical controller based on DSP technology applied in the position loop to overcome the difficulty of parameter adjusting in the traditional cascade control system.
Control Principle
Structure of 3-loop Cascade Control System. The control structure of the radome's grinding machine is showed in Fig.1 . The system comprises three feedback loops: a current loop, a velocity loop and a position loop, with both the current loop and the velocity loop being an inner sub-control loop and the position loop as the main control loop. The current loop is used to limit the maximal current of the motor, keeping a constant current under the allowed maximal value when motor starts or brakes; the velocity loop is used to enhance the ability resisting the load disturbance and to suppress the velocity fluctuation. Both the current loop and the velocity loop are controlled by the servo amplifier with the PI algorithm. The position loop is used to ensure the dynamic tracking performance and the static accuracy. It is controlled by the PMAC that based on DSP. The algorithm is composite PID algorithm with feedforward. The velocity loop is a semi-closed loop with its feedback signal coming from the encoder on the motor, as shown in Fig.1 . Because the nonlinear factors such as stiffness of the transmission system, friction and damping, etc. are out of the velocity loop, the adjusting is easy and the performance is stable. The position loop is a closed loop with its feedback coming from the grating rule on the feed obtain very high accuracy, because its control objective is the motion of the feed table, leading to all errors of the feed transmission system eliminated. The cascade control system comprised of a closed main control circuit and a semi-closed inner sub-control circuit may take both the stability and the accuracy of the system into account. In the cascade control system, the inner sub-control circuit acts as a "coarse adjustment" and the main control circuit as a "fine adjustment" [12] . The output of the main controller PMAC is the preset value for the inner sub-controller. Obviously, the performance of the main controller will play a decisive role in the control quality of the whole system.
Main Controller and Its Control Algorithm. An excellent control system requires not only a high quality algorithm but also a controller with excellent performance. In recent years, the controller based on DSP has been brought about and is getting more and more mature along with the development of DSP technology.
In the radome grinding system, the Programmable Multi-Axis Controller (PMAC) is used as the main controller for position control. The PMAC board has a 24 bit fixed-point DSP Motorola 56001 as the core, fully employing the power of the DSP technology. As a result, its many performance indexes such as the processing capacity, the trajectory feature and the input bandwidth characteristic, etc. are superior to general controllers. The block diagram of PMAC PID with feedforward of velocity and acceleration is showed in Fig.2 , where K p is the proportional gain that provides the stiffness of the system; K d is the differential gain that provides the damping for stability; K i is the integral gain that eliminates steady-state errors; IM determines whether the integral gain is active all the time, or just during periods when the commanded velocity is zero (i.e., the integral-separated PID is realized); K vff is the velocity feedforward gain that reduces following errors introduced by damping (which are proportional to velocity); K aff is the acceleration feedforward gain that reduces or eliminates following errors due to system inertia (which are proportional to acceleration). In addition, the notch filters is an anti-resonance (band-reject) filter used to counteract a physical resonance. The PID+feedforward control strategy provides an advantageous condition for high performance position servo. The output of the PID controller can be derived from Fig.2 as follows:
where, DACout (n) is the 16-bit output command in servo cycle. It is converted to an analog output signal; FE(n) is the following error in counts in servo cycle n, which is the difference between the commanded position and the actual position for the cycle [CP(n)-AP(n)]; CV(n) is the commanded velocity in servo cycle n: the difference between the last two commanded positions [CP(n)-CP(n-1)] in counts per servo cycle; CA(n) is the commanded acceleration in servo cycle n, which is the difference between the last two commanded velocities [CV(n)-CV(n-1)] in counts per servo cycle; AV(n) is the actual velocity in servo cycle n, which is the difference between the last two actual positions [AP(n)-AP(n-1)] in counts per servo cycle; IE(n) is the integrated following error in servo cycle n.
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Parameter Adjusting
The essential of the parameter adjusting is to match the object's feature by adjusting the parameters of the controller. The goal here is to obtain a stable and well-behaved system. In the three loops, the current loop does not need adjusting because sufficient response is assured by the servo-driver. So, only the velocity loop and the position loop need adjusting. Because the main controller and the inner sub-controller are concatenated together, any change of the parameter in either controller will affect the whole system. Therefore, the parameter adjusting of the cascade control system is more complicated than that of the single circuit system. To reduce the mutual influence between the main loop and the inner sub-loop, the frequency of the inner sub-loop is increased as highly as possible by raising the gain of the sub-controller so as to keep it away from the frequency of the main loop. A two-step method is used to adjust the parameter [12] , with such a sequence as the inner sub-loop first and then the main loop. In other words, first, open the main loop and adjust the inner sub-controller through a conventional method for adjusting of the single circle system and then, close the main loop with the inner sub-loop still running and adjust the main controller by the same method. Parameter Adjusting for the Inner Sub-loop. Since the velocity loop is controlled with PI algorithm, the main parameters requiring adjusting are the velocity loop gain K v and the integration time constant T i . The principle for adjusting k v is that, under the condition of no mechanical oscillation, the velocity loop gain should be increased as high as possible to improve the response speed of the velocity loop. The adjusting of Ti should take the mechanical rigidity of the system into account. For the system with lower rigidity, the integration time constant should be properly increased to prevent the mechanical oscillation. The following formula calculates a guideline value
where Ti is in sec and KV in Hz.
Parameter Adjusting for the Main Loop. For general cascade control system, the quality index for the main control circuit is usually required much more rigorously than for the sub-control circuit. In our system, since the function for PID parameter adjusting is provided in the environment PEWIN of PMAC, it is possible to rapidly adjust the parameter of the position loop on-line. In the compound PID control system, the parameters requiring adjusting are K p , K i , K d , K vff and K aff etc.. When adjusting, make the feedforward gain K vff and K aff equal to zero and then, adjust the basic PID parameters K p , K i and K d based on the step response curve. Specifically, assume a group of values for those parameters based on experience and make the system taking a step movement. Then, the step response curve will be displayed on the screen, with such assessment indexes as the rise time, the natural frequency, the over-shoot, the damping ratio and the settling time, etc. are indicated. These data provide a basis for adjusting the parameters next time. In this way, the adjusting is conducted until the user obtains a satisfactory response. It is shown that, when the damping ratio in the position loop is set to 0.707, the step response will almost have no over-shoot and the response speed is rather rapid. a b Note: 1 The curve of commanded velocity with the ordinate on the left-hand side; 2 The response curve of following error with the ordinate on the right-hand side Fig.3 The effect of feedforward compensation After the basic PID parameters have been adjusted, adjust K vff and K aff based on the parabolic response curve in the same way. Fig.3a shows the parabolic response curve when K vff and K aff equal zero (without the feedforward compensation), with the maximal following error being 306 cts (the count pulses). Fig.3b shows the parabolic response curve with proper feedforward compensation and the same basic PID parameters as that in Fig.3a . It is noted that the following error in this situation has been markedly reduced and the maximal following error is only 26 cts, which indicates that the PID control with feedforward compensation is obviously superior to the single PID control.
Conclusions
In this paper, a classical-control-theory-based compound control strategy, which is a combination of the cascade control of 3-loop, the feedforward control and the PID algorithm, is proposed. Based on this control strategy, the high precision and complicated control of multi-servo-axes of the radome's grinding machine has been carried out. Application of the main controller based on DSP provides a high speed computation capability and a visual adjusting function for PID parameters. This greatly facilitates the parameter adjusting of the system, effectively overcoming the adjusting difficulty in the traditional cascade control system. Since the control system was put into practice, its running is steady and the quality indexes such as the positioning accuracy and the like satisfy the requirement, with the grinding accuracy of the radome being effectively assured. It is shown that this compound control strategy has the advantages of high control accuracy and strong anti-jamming ability, being effective and applicable.
